INTRODUCTION {#SEC1}
============

Ribosome biogenesis is an intricate and highly coordinated process that occurs in all living cells. The process requires the synthesis and ordered arrangement of ribosomal RNA (rRNA) and ribosomal proteins (r-proteins), resulting in one of nature\'s more sophisticated and complex macromolecular machines. The *Escherichia coli* ribosome, for example, is a 2.5 MDa machine that consists of a large 50S subunit and a small 30S subunit. It carries out sequence-defined polymerization of amino acids, decoding messenger RNA (mRNA) templates into polypeptides at an astounding rate of up to 21 amino acids per second with only one error per ∼10^4^ amino acids ([@B1],[@B2]).

Freed from cell viability constraints, extensive *in vitro* studies of *E. coli* ribosomes have led to a deep understanding of ribosome structure and function ([@B3]--[@B5]). For example, such studies have unraveled a number of important features of ribosomes including assembly mechanisms ([@B6]--[@B8]), rRNA modifications ([@B9],[@B10]), rRNA-protein interactions ([@B11],[@B12]) and r-protein assembly maps ([@B13]--[@B15]). However, these studies reconstitute *E. coli* ribosomes using native rRNA and r-proteins in an approach that does not mimic co-transcription of rRNA and ribosome assembly as it happens in cells, and, for the large subunit, require non-physiological conditions utilizing temperature and magnesium shifts to overcome kinetic traps. Further, classic reconstitution procedures largely fail to incorporate synthetic 23S rRNA of the large subunit into highly active particles ([@B16],[@B17]).

To address these limitations, we developed an integrated synthesis, assembly and translation (iSAT) technology for the *in vitro* construction of ribosomes from template-derived rRNA in a ribosome-free S150 crude extract ([@B18]) and improved the system through transcriptional tuning ([@B19]) and by alleviating substrate limitations ([@B20]) to yield highly active ribosomes. The value of the iSAT system lies in the ability to co-activate the processes of rRNA synthesis and processing, ribosome assembly and translation as they occur *in vivo*. The iSAT system therefore provides a unique and powerful approach for the interrogation and manipulation of *E. coli* ribosome biogenesis in the context of a transcription and translation environment. In addition, the iSAT system is well poised to contribute toward emerging efforts to build minimal cells ([@B21]--[@B26]) and engineer ribosomal variants ([@B27],[@B28]).

Unfortunately, the translational activity of ribosomes purified from iSAT reactions was only about 20% the activity of native ribosomes purified directly from *E. coli* cells ([@B19]). Therefore, we explored the use of additives that we hypothesized could improve overall iSAT protein synthesis activity. First, we sought to assess the impact of macromolecular crowding agents on the iSAT system. The iSAT reaction environment is inherently different than the intracellular environment, as *E. coli* cells contain ∼200--320 mg/ml protein ([@B29]) while iSAT reactions contain about 2 mg/ml total *E. coli* protein ([@B19]). We therefore expected that dilution could limit iSAT efficiency since multiple macromolecules with weak affinity for each other must interact for ribosome assembly and translation to occur. This hypothesis is supported in previous studies of other *in vitro* transcription and translation systems that have used macromolecular crowding agents to increase effective molecule concentration by either reducing the volume of available solvent or by preventing components from diffusing away before recycling (i.e. a cage effect). For example, macromolecular crowding agents have been shown to increase transcription in a cell-free protein synthesis (CFPS) system ([@B30]), improve RNA folding ([@B31]) and alter protein--protein interactions ([@B32]--[@B34]). For these reasons, we investigated the effect of macromolecular crowding conditions on the iSAT system using the polymers polyethylene glycol (PEG) and Ficoll. Second, we sought to assess the impact of various reducing agents on iSAT in an attempt to mimic the highly reduced cytoplasmic environment of *E. coli* ([@B35],[@B36]). While dithiothreitol (DTT) and β-mercaptoethanol (BME) are commonly used in biological applications, Tris(2-carboxyethyl) phosphine (TCEP) and dithiobutylamine (DTBA) have been developed as alternative reducing agents with different activities and stabilities in various biochemical applications ([@B37]--[@B39]). We were interested in studying the effects of these reducing agents on iSAT activity.

Here we report on addition of crowding and reducing agents to the iSAT system. Using a multiple assay strategy, we thoroughly explored the effects of the additives on ribosome biogenesis (specifically rRNA synthesis and ribosome assembly), reporter mRNA transcription, and reporter protein translation (Figure [1](#F1){ref-type="fig"}). First, traditional iSAT batch reactions were performed with crowding and reducing agents to identify the additives and concentrations that maximized iSAT protein synthesis activity. To isolate the processes of transcription and translation, the same additive effects were assessed for purified *E. coli* 70S ribosomes in a transcription-translation (TX-TL) reaction. Next, effects of crowding and reducing agents on protein synthesis in iSAT or 70S TX-TL reactions were separated into transcriptional and translational effects through the use of an mRFP1-spinach aptamer reporter construct, which allows for simultaneous monitoring of mRNA and reporter protein concentrations over time. Additionally, the effects of additives on iSAT ribosome biogenesis were visualized through sucrose gradient sedimentation analysis of translating and non-translating iSAT reactions. Finally, we combined translation and ribosome profile data to determine the translation elongation rate of iSAT ribosomes and to compare the activity of iSAT ribosomes with *in vivo­-*assembled *E. coli* ribosomes. Such an investigation is unique to the iSAT system and can provide biological insight into additive effects on ribosomal component synthesis and ribosome assembly.

![A three-pronged iSAT approach for studying *in vitro* ribosome construction, where iSAT is an integrated method for the assembly of ribosomes from *in vitro* transcribed rRNA and subsequent translation by these ribosomes in the same compartment. Analyses to study these co-activated processes include measurements of mRNA transcription through use of a fluorescent RNA aptamer, measurements of protein translation through use of a fluorescent reporter protein and assessment of ribosome assembly through ribosome profiling.](gkv329fig1){#F1}

MATERIALS AND METHODS {#SEC2}
=====================

Plasmid construction {#SEC2-1}
--------------------

DNA plasmids encoding mRFP1 and spinach aptamer were constructed from gBlocks (IDT) using previously reported sequences ([@B40]) with 5′ and 3′ additions to allow for digestion-ligation construction (Supplementary Table S1). The plasmid pY71sfGFP ([@B41]) was used as a source of the pY71 vector. For pY71mRFP1 construction, pY71sfGFP and mRFP1 were digested with NdeI and SalI, purified, ligated and transformed into C2987 competent *E. coli* cells. A similar procedure was used for constructing pY71mRFP1-SpA by digesting pY71mRFP1 and spinach aptamer (SpA) with AflII and SalI. The constructs pT7AM552A, pY71sfGFP and pK7Luc have been previously reported ([@B18],[@B19],[@B41]).

Component preparation {#SEC2-2}
---------------------

S150 extract, *E. coli* 70S ribosomes, total protein of 70S ribosomes (TP70) and T7 RNA polymerase (RNAP) were prepared as previously reported ([@B19],[@B42]) except the dialysis and storage buffers were altered to use only iSAT salt components; iSAT buffer consists of 50 mM HEPES-KOH (pH 7.6), 10 mM MgGlu, 200 mM KGlu, 2 mM DTT, 1 mM spermidine and 1 mM putrescine.

iSAT reactions {#SEC2-3}
--------------

iSAT reactions of 15 μl were set-up as previously described ([@B19]) with component concentrations shown in Supplementary Table S2. Reactions were prepared in polymerase chain reaction tubes with optically clear flat caps and incubated at 37°C in a CFX96^™^ real-time thermal cycler (Bio-Rad). iSAT reactions contained reporter protein plasmids encoding mRFP1 (pY71mRFP1), mRFP1-spinach aptamer (pY71mRFP1-SpA), superfolder GFP (sfGFP) (pY71sfGFP) or luciferase (pK7Luc). Red fluorescence of mRFP1 was monitored using the CFX96™ real-time thermal cycler as previously described for sfGFP ([@B19]) (excitation: 560--590 nm, emission: 610--650 nm). For reactions with mRFP1-spinach aptamer, the fluorophore DFHBI (Lucerna, Inc.) was included in the reactions at 60 μM. Green fluorescence of the spinach aptamer with DFHBI was simultaneously monitored (excitation: 450--490 nm, emission: 510--530 nm). Reactions without T7 RNAP or TP70 served as transcriptional or translational background controls, respectively. Additives were included at the described final concentrations. Crowding agents were prepared in 60% w/v stock solutions in nuclease-free water, while reducing agents were prepared in 1 M stock solutions in nuclease-free water. Crowding and reducing agents were purchased from Sigma-Aldrich, except for Ficoll 70, which was purchased from Santa Cruz Biotechnology.

iSAT ribosome purification {#SEC2-4}
--------------------------

Several 15 μl iSAT reactions with 6% Ficoll 400 and 2 mM DTBA were prepared and incubated for 2 h at 37°C, then pooled together. Purified 70S *E. coli* ribosomes were recovered as previously described ([@B19]), with pelleted iSAT ribosomes resuspended in iSAT buffer, aliquoted and flash-frozen.

70S transcription and translation (TX-TL) reactions {#SEC2-5}
---------------------------------------------------

70S TX-TL reactions were prepared in the same manner as iSAT reactions (Supplementary Table S2). Purified *E. coli* 70S ribosomes, purified iSAT 70S ribosomes or commercial *E. coli* ribosomes, (New England Biolabs Inc., P0763S) were included in the 70S TX-TL reactions, and pT7AM552A and TP70 were excluded. Reactions without ribosomes were used as negative controls for residual S150 extract activity.

Ribosome profiling through sedimentation analysis {#SEC2-6}
-------------------------------------------------

Sucrose gradients were prepared from Buffer C (10 mM Tris--OAc (pH = 7.5 at 4°C), 60 mM NH~4~Cl, 7.5 mM Mg(OAc)~2~, 0.5 mM ethylenediaminetetraacetic acid, 2 mM DTT) with 10 and 40% sucrose in SW32.1 polycarbonate tubes using a Biocomp Gradient Master. Gradients were placed in SW32.1 buckets and chilled to 4°C. Meanwhile, several 15 μl iSAT reactions with and without additives were prepared and incubated at 37°C for 1 or 2 h. Reactions were pooled and 50 or 200 μl of iSAT reactions were carefully loaded onto chilled gradients. The gradients were ultra-centrifuged to 22 500 rpm for 17 h at 4°C, using an Optima L-80 XP ultracentrifuge (Beckman-Coulter) at medium acceleration and braking ('5' setting for each). Gradients were analyzed with a BR-188 Density Gradient Fractionation System (Brandel) by pushing 60% sucrose into the gradient at 0.75 ml/min. Traces of A254 readings versus elution volumes were obtained for each gradient, with readings adjusted to match baselines based on blank sucrose readings. iSAT reactions without the operon plasmid were performed to establish a background reading that was subtracted from experimental traces. Gradient fractions were collected and analyzed for rRNA content by gel electrophoresis in 1% agarose and imaged in a GelDoc Imager (Bio-Rad). Ribosome profile peaks were identified based on the rRNA content as representing 30S or 50S subunits, 70S ribosomes, or polysomes of two 70S ribosomes on a single mRNA. No peaks were observed for larger polysomes.

RESULTS {#SEC3}
=======

Crowding and reducing agents improve iSAT protein synthesis activity {#SEC3-1}
--------------------------------------------------------------------

To determine the effect of macromolecular crowding and reducing conditions on *in vitro* ribosome construction, we initially explored different concentrations of crowding and reducing agents on iSAT protein synthesis of the monomeric form of red fluorescent protein, mRFP1. mRFP1 was chosen since we intended to couple mRFP1 with a green fluorescent RNA aptamer in later experiments. As previously described, iSAT reactions consist of transcription of rRNA from an rRNA operon, assembly of rRNA with purified total ribosomal proteins of the 70S ribosome (TP70) and measurement of ribosome activity by transcription and translation of a reporter protein (in this case mRFP1) ([@B18],[@B19]). These processes occur simultaneously at 37°C in 15 μl reactions. The reactions consist of crude ribosome-free S150 *E. coli* extract containing cytoplasmic translation and assembly factors, and salts, buffers and substrates necessary for transcription and translation.

For crowding agents, we tested molecular weight variants of PEG and Ficoll at concentrations ranging from 0 to 6% w/v. Both Ficoll and PEG more than doubled the active mRFP1 yield at particular concentrations (Figure [2A](#F2){ref-type="fig"}). Molecular weight variants of PEG or Ficoll behaved similarly, suggesting that polymer lengths within the tested ranges were not as important as volume exclusion. Addition of PEG resulted in the highest activity at 2 or 4% w/v, with iSAT protein synthesis activity decreasing at higher concentrations. Our results are consistent with previous works in S30 crude extract-based transcription and translation systems that have shown inhibitory effects at increasing PEG concentrations, which is attributed to the fact that PEG is able to dehydrate protein surfaces to cause protein precipitation and translation inhibition ([@B30],[@B43]--[@B45]). Addition of Ficoll had the greatest positive effect on iSAT activity at 6% w/v, which was the highest tested concentration. Increasing Ficoll beyond 6% w/v was not feasible due to volume restrictions and difficulties in accurately pipetting highly viscous solutions. Previously, Ficoll has been shown to result in less protein precipitation than PEG ([@B30]).

![iSAT protein synthesis with the inclusion of macromolecular crowding and reducing agents. (**A**) Molecular weight variants of the crowding agents PEG and Ficoll were included in iSAT reactions at concentrations ranging from 0 to 6% w/v and (**B**) reducing agents DTT, TCEP, DTBA and BME were included in iSAT reactions at concentrations ranging from 0 to 8 mM. mRFP1 production after 18 h is relative to reactions with no additives. Values represent averages (*n* ≥ 3) and error bars represent 1 standard deviation (s.d.).](gkv329fig2){#F2}

We subsequently tested the addition of reducing agents DTT, BME, TCEP and DTBA on iSAT protein synthesis activity at concentrations of 0 to 8 mM (Figure [2B](#F2){ref-type="fig"}). Even though iSAT reactions initially contain ∼1.0 mM DTT from the storage buffers of S150 extract, TP70 and T7 RNAP, all four reducing agents enhanced iSAT protein synthesis of mRFP1, with 2--8 mM DTT, TCEP or DTBA more than doubling protein synthesis. The reducing agents, excluding BME, showed very similar effects at the same concentrations. This suggests that the mechanism(s) of action for these reducing agents in iSAT reactions are similar, despite reported differences in other applications ([@B37]--[@B39]).

Next, we tested combinations of crowding and reducing agents at maximum effective concentrations (Table [1](#tbl1){ref-type="table"}). The various combinations resulted in increases of iSAT protein synthesis ranging from 2.7- to 4.3-fold as compared to reactions without crowding and reducing additives. Subsequent analysis of the iSAT system used 6% Ficoll 400 and 2 mM DTBA because this combination of additives resulted in the highest relative mRFP1 production (Table [1](#tbl1){ref-type="table"}). We note, however, that the requirements of particular assays or the synthesis of different proteins may favor the use of different combinations of crowding and reducing agents.

###### iSAT protein synthesis of reactions containing combinations of crowding and reducing agents

  Relative mRFP1 production   No crowding agent   Ficoll 70 (6% w/v)   Ficoll 400 (6% w/v)   PEG 6000 (2% w/v)   PEG 8000 (4% w/v)
  --------------------------- ------------------- -------------------- --------------------- ------------------- -------------------
  No reducing agent           1.0                 2.1                  2.2                   2.0                 2.0
  DTT (2mM)                   2.5                 3.6                  4.0                   3.2                 3.3
  DTBA (2mM)                  2.6                 3.9                  4.3                   3.5                 3.4
  TCEP (2mM)                  2.5                 3.8                  4.0                   3.2                 2.7

Crowding and reducing agents were included in iSAT reactions in combinations of concentrations with the greatest improvement on iSAT protein synthesis (Figure [2](#F2){ref-type="fig"}). Reactions were incubated at 37°C for 18 h and synthesis of mRFP1 was measured. mRFP1 production is shown relative to reactions with no additional crowding or reducing agents. Values represent averages (*n* ≥ 3) with 1 s.d.

Since the aforementioned results relied on the proper folding and fluorescence of the reporter protein mRFP1, we next sought to determine if the observed improvements were related to a general improvement in protein synthesis or simply protein folding and activation. Therefore, Ficoll 400 and DTBA were tested for their effects, individually and in combination, on the synthesis of various reporter proteins in the iSAT system as measured by ^14^C-leucine radioactive incorporation (Supplementary Methods and Supplementary Figure S1). For mRFP1, superfolder GFP (sfGFP), and luciferase, each additive resulted in a significant increase in iSAT protein synthesis, with the combination of additives providing further improvement ranging from 3.0- to 6.5-fold. This result suggests an increase in overall protein synthesis and not merely improved protein folding. Additionally, sfGFP production from batch iSAT reactions with Ficoll 400 and DTBA was 10.1 ± 0.6 μM, which exceeds our highest previously reported iSAT protein synthesis for sfGFP, which occurred in a semi-continuous reaction ([@B20]). This improvement is important for technological applications (e.g. constructing ribosomal variants with novel functionalities) and also for efforts to achieve the break-even milestone of ribosomes that are capable of constructing ribosomes (7434 peptide bonds are needed to make a complete set of r-proteins) ([@B18]).

Separation of biological process effects {#SEC3-2}
----------------------------------------

Since crowding agents were expected to better mimic the high concentrations of molecules in cells and reducing agents were expected to ensure cytoplasmic redox mimicry, we hypothesized that the additives impacted iSAT reactions in different ways. To test this hypothesis, we asked how crowding and reducing agents affected each of the three primary processes that occur simultaneously in iSAT reactions: rRNA synthesis and ribosome assembly (e.g. ribosome biogenesis), reporter mRNA transcription and reporter protein translation. We explored the impact of additives on transcription and translation by removing the process of ribosome assembly. To do this, we performed cell-free transcription and translation (TX-TL) reactions in S150 extracts with purified *E. coli* 70S ribosomes in place of rRNA operons and purified r-proteins. The resulting reactions, which we term 70S TX-TL reactions, represent the reconstruction of processes occurring in traditional cell-free protein synthesis reactions utilizing S12 or S30 crude cell lysates ([@B46]--[@B49]), with the key difference being that S150 extracts and purified 70S ribosomes are used in place of S12 or S30 extracts. Expression of mRFP1 in 70S TX-TL reactions shows that Ficoll 400 provides a 63 ± 13% increase in protein yield, but additional reducing agent, DTBA, provides no significant increase (Figure [3](#F3){ref-type="fig"}). This result suggests that crowding agents affect iSAT reactions through the processes of mRNA transcription or translation, while additional reducing agents affect iSAT reactions through other processes, such as rRNA synthesis or ribosome assembly.

![Comparison of iSAT and 70S TX-TL protein synthesis under crowding and reducing conditions. A total of 6% w/v Ficoll 400 and 2 mM DTBA were included in iSAT and 70S TX-TL reactions, individually or in combination. Reactions were incubated at 37°C for 18 h and synthesis of mRFP1 was measured in relative fluorescent units (RFUs). Values represent averages (*n* ≥ 4) and error bars represent 1 s.d.](gkv329fig3){#F3}

In order to better understand the effect of crowding and reducing agents, we increased the resolution at which we studied the *in vitro* system by monitoring the processes of mRNA transcription and reporter protein translation. Previous studies have examined *in vitro* transcription and translation systems using either radioactive nucleotide incorporation ([@B50]), molecular beacons ([@B51]), binary FRET probes ([@B52],[@B53]) or fluorescent RNA aptamers ([@B40],[@B54]) in tandem with reporter proteins. We chose to use the previously reported mRFP1-spinach aptamer gene construct to allow for simultaneous real-time monitoring of transcription and translation ([@B40]). The spinach aptamer is an RNA structure that displays green fluorescence when bound to the fluorophore 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI) (Figure [1](#F1){ref-type="fig"}) ([@B55]).

Using the mRFP1-spinach aptamer gene construct, we carried out 15 μL batch iSAT reactions and also 70S TX-TL reactions for 8 h at 37°C. Measurements were taken every 5 min to profile mRNA and protein production with and without DTBA and Ficoll 400 (Figure [4](#F4){ref-type="fig"}). The effect of DTBA and Ficoll 400 on translation in iSAT and 70S TX-TL reactions is consistent with our observations reported in Figure [3](#F3){ref-type="fig"}. Furthermore, crowding and reducing agents do not appear to affect reaction duration in either case, suggesting that changes to substrate stability are not responsible for increases in protein synthesis.

![Comparison of transcription and translation under crowding and reducing conditions for (**A**) mRNA transcription and (**B**) translation in iSAT reactions and (**C**) mRNA transcription and (**D**) translation in 70S TX-TL reactions. Reactions were performed with the mRFP1-spinach construct and the fluorophore DFHBI. mRNA transcription (A and C) was measured by green fluorescence of the spinach aptamer of the mRNA bound to DFHBI. Translation (B and D) was measured by the red fluorescence of mRFP1. Readings were taken every 5 min. Lines represent smoothed averages (*n* ≥ 3) and shading represents smoothed error bars (1 s.d.).](gkv329fig4){#F4}

For iSAT reactions, the additional transcriptional data from the spinach aptamer shows increased maximum mRNA production rates in the presence of crowding and reducing agents (Figure [4A](#F4){ref-type="fig"}). For example, the initial mRNA transcription rate over the first 30 min increases 35 ± 19% and 38 ± 21% when reactions are supplemented with Ficoll 400 and DTBA, respectively (Figure [4A](#F4){ref-type="fig"}). The combination of Ficoll 400 and DTBA results in increases of 71 ± 18% in initial transcription rate and 42 ± 20% in maximum mRNA concentration. In 70S TX-TL reactions, the addition of Ficoll 400 and DTBA individually and in combination showed significant improvement in maximum mRNA concentration: 64 ± 34% for Ficoll 400 and DTBA together (*t* = 4.52, d.f. = 4, *P* = 0.01, where *t* represents an unpaired *t*-test value, d.f. stands for degrees of freedom and *P* represents the two-tailed *P*-value), 51 ± 33% for Ficoll 400 alone (*t* = 3.62, d.f. = 4, *P* = 0.02) and 34 ± 20% for DTBA alone (*t* = 4.62, d.f. = 4, *P* = 0.01) (Figure [4C](#F4){ref-type="fig"}). Interestingly, addition of DTBA alone did not have a significant effect on 70S TX-TL translation of the reporter protein (Figure [4D](#F4){ref-type="fig"}). The fact that DTBA increases mRNA transcription but not mRFP1 translation suggests that mRNA transcription is not limiting for the 70S TX-TL reactions. It also suggests that an increase in transcription, if relevant to iSAT activity, may lie in the effect on rRNA transcription.

The observations that reducing agents increase iSAT protein synthesis but not 70S TX-TL protein synthesis suggest that ribosome biogenesis may be more sensitive to redox environment than are transcription and translation. The *E. coli* cytoplasm is highly reduced, so we hypothesized that iSAT activity would be decreased in an oxidized environment. Therefore, we tested the effect of the oxidant iodoacetamide (IAM) on iSAT and 70S TX-TL protein synthesis (Supplementary Figure S2) ([@B56],[@B57]). At 200 μM IAM, iSAT reactions retain only 10 ± 3% protein synthesis activity, while 70S TX-TL reactions retain 50 ± 9% activity. This result supports our hypothesis that redox environment affects ribosome biogenesis more than it affects combined mRNA transcription and translation. A decade ago, Yin and Swartz showed the ability to carry out cell-free protein synthesis in an oxidizing environment ([@B57]), which was in many ways surprising given that the cytoplasm is reduced. Our data imply that the reducing environment is important for ribosome biogenesis.

Ribosome profiling of iSAT reactions shows that reducing agents increase ribosome biogenesis {#SEC3-3}
--------------------------------------------------------------------------------------------

Based on the previous data, we hypothesized that reducing agents in the iSAT system likely function to improve ribosome biogenesis (which in iSAT is composed of rRNA transcription and ribosome assembly) since they improve iSAT protein synthesis but not 70S TX-TL protein synthesis. To assess ribosome biogenesis directly, we utilized sucrose gradient sedimentation analysis ([@B7],[@B8],[@B48],[@B58]). Several iSAT reactions, with or without additives, were incubated at 37°C for 2 h and then loaded onto 10--40% sucrose gradients. After ultracentrifugation, sucrose gradients were fractionated and analyzed by spectrophotometry. Profile peaks of spectrophotometric traces were identified by gel electrophoresis of gradient fractions to determine the presence of 16S and 23S rRNA (Supplementary Figures S3 and S4). While Ficoll 400 was used in previous experiments, its large molecular weight (∼400 kDa) was found to interfere with the ribosome profiles, particularly the small 30S subunit (∼900 kDa). Therefore, we used 2% PEG 6000 in place of 6% Ficoll 400 for ribosome profiling, as their effects on iSAT activity were similar (Figure [2A](#F2){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}). For the reducing agent, we continued to use 2 mM DTBA.

To isolate ribosome biogenesis, we performed ribosome profiling of iSAT reactions without reporter plasmid, thus preventing translation initiation, which requires mRNA templates. Without additives, ribosome profiling showed clear 30S and 50S peaks, with additional peaks likely representing partially formed ribosomal particles (Figure [5A](#F5){ref-type="fig"}, Supplementary Figure S3). Beyond the 50S peak, a small peak indicates formation of 70S ribosomes either on residual mRNA in the extract or through loose association of subunits, as iSAT reactions contain 7.5 mM Mg^2+^.

![Ribosome profiling of iSAT reactions with and without crowding and reducing agents. Profiles represent A254 readings as relative signals versus gradient volume, in ml, measured from the top of 10--40% sucrose gradients, with peak identities labeled. For non-translating iSAT reactions (**A**--**D**), no reporter plasmid was added to 50 μl iSAT reactions including (A) no additives (gray, repeated in B--D), (B) 2% PEG 6000, (C) 2 mM DTBA or (D) 2% PEG 6000 and 2 mM DTBA. For translating iSAT reactions (**E**--**H**), pY71mRFP1-SpA was included as a reporter plasmid in 200 μl iSAT reactions including (E) no additives (gray, repeated in F--H), (F) 2% PEG 6000, (G) 2 mM DTBA or (H) 2% PEG 6000 and 2 mM DTBA.](gkv329fig5){#F5}

Addition of PEG 6000 to non-translating iSAT reactions had little to no effect on the ribosome profile (Figure [5B](#F5){ref-type="fig"}). In contrast, the addition of DTBA dramatically altered the ribosome profile, most notably in the 2.4-fold increase of the 70S peak (Figure [5C](#F5){ref-type="fig"}). This correlates with a decrease in the 30S and 50S peaks, suggesting that the reducing agent influences subunit synthesis and assembly or subunit association, even without the presence of reporter mRNA. Even though we observe a 70S peak in non-translating iSAT reactions, we hypothesize that these may be capable of translation. Previous work by Underwood *et al*. in an *E. coli* S30 crude extract-based transcription and translation system showed that stably associated 70S ribosomes can transition to actively translating particles ([@B48]). The effect of DTBA on the ribosome profiles is retained in the presence of PEG 6000 (Figure [5D](#F5){ref-type="fig"}).

Ribosome profiles were also analyzed for complete iSAT reactions with reporter protein transcription and translation (Figure [5E](#F5){ref-type="fig"}--[H](#F5){ref-type="fig"}, Table [2](#tbl2){ref-type="table"}). The inclusion of the reporter protein plasmid dramatically altered iSAT ribosome profiles. For translating iSAT reactions without additives, the 70S peak is much larger in the presence of mRNA, and polysomes are now observed. Polysomes represent two or more ribosomes translating from the same mRNA (Figure [5E](#F5){ref-type="fig"}, Supplementary Figure S4, Table [2](#tbl2){ref-type="table"}).

###### Approximate concentrations of ribosomal components in translating iSAT reactions

              Approximately concentration of each component in iSAT reaction (nM)               
  ----------- --------------------------------------------------------------------- ----- ----- -----
  30S + 50S   192                                                                   212   153   139
  70S         65                                                                    62    102   98
  Polysomes   7                                                                     7     13    8
  Total       264                                                                   281   268   253

Ribosome profiles of translating iSAT reactions (Figure [5E](#F5){ref-type="fig"}--[H](#F5){ref-type="fig"}) were analyzed from 5 to 17 ml elution volumes, with the separation of 50S and 70S peaks and 70S and polysome peaks determined by drop-down approximation from the lowest value between the peaks (∼11 and 15 ml, respectively). Areas under peaks were determined and converted to concentrations using the areas under peaks of known quantities of purified 70S ribosomes on sucrose gradients.

Addition of PEG 6000 to translating iSAT reactions had little effect on ribosome profiles (Figure [5F](#F5){ref-type="fig"}), which was similar to non-translating iSAT reactions. However, previous results show that PEG 6000 increases protein synthesis (Figure [2](#F2){ref-type="fig"}). Therefore, with this information and previous evidence that mRNA transcription is not a limiting factor for protein synthesis, we conclude that crowding agents increase protein synthesis by increasing the rate of translation while not impacting ribosome biogenesis. However, it is still possible that crowding agents improve the quality of the assembled ribosomes, which ribosome sedimentation analysis cannot assess. Advanced studies of the assembled ribosomes are required to make this distinction and are the basis of future works. Meanwhile, DTBA supplementation to iSAT reactions decreased subunit peaks and increased 70S and polysome peaks by 60% (Figure [5G](#F5){ref-type="fig"}, Table [2](#tbl2){ref-type="table"}). Increased concentrations of 70S and polysome peaks are maintained in the presence of both DTBA and PEG 6000 (Figure [5H](#F5){ref-type="fig"}, Table [2](#tbl2){ref-type="table"}). This result combined with the previous 70S TX-TL reactions showing no effect on protein synthesis from DTBA addition suggests that reducing agents improve ribosome biogenesis in iSAT by enabling assembly of more ribosomes and/or the construction of more active ribosomal particles and this improvement likely accounts for the increase in protein synthesis in iSAT reactions containing additional reducing agents.

Protein synthesis activity of iSAT-assembled ribosomes is similar to that of purified *E. coli* ribosomes {#SEC3-4}
---------------------------------------------------------------------------------------------------------

Protein synthesis and sucrose gradient ribosome profiling data were combined to calculate the translation elongation rate of ribosomes, as previously detailed for ribosomes within an *E. coli* cell-free protein synthesis reaction ([@B48]). For this calculation, iSAT and 70S TX-TL reactions with 2% PEG 6000 and 2 mM DTBA were performed in triplicate and analyzed for bulk translation rate of sfGFP and 70S monosome and polysome formation during the linear rate of protein synthesis (Supplementary Figure S5). By dividing bulk translation rate by the observed concentration of 70S ribosomes and polysomes, translation elongation rates were determined for iSAT ribosomes and *E. coli* ribosomes in our crude S150 extract. We determined iSAT ribosomes to have an elongation rate of 0.9 ± 0.1 amino acids per second (AA/s), while *E. coli* ribosomes in the 70S TX-TL reactions have an elongation rate of 1.6 ± 0.1 AA/s (Supplementary Table S3). A previous study of *E. coli* ribosomes in a crude S30 cell-free system determined an elongation rate of 1.5 ± 0.2 AA/s, though this included a correction for the observation that only 72% of ribosomes were actively translating ([@B48]). Such a correction is not possible with our current data, but the issue of non-translating 70S ribosomes may account for some of the difference between elongation rates for iSAT and *E. coli* ribosomes. However, even this current estimation highlights that the iSAT-assembled ribosomes have similar activity to those purified from *E. coli* cells.

To enable direct comparison of iSAT ribosome activity to activity of purified *E. coli* ribosomes, 70S iSAT ribosomes were collected from ribosome profile fractions by ultracentrifugation and re-suspended in iSAT buffer. We then carried out 70S TX-TL reactions with either 300 nM purified iSAT ribosomes or 300 nM *E. coli* 70S ribosomes. In TX-TL reactions, purified iSAT ribosomes show 71 ± 10% and 73 ± 9% of the activity of *E. coli* ribosomes at 1 and 18 h, respectively (Supplementary Figure S6). This comparison of iSAT and *E. coli* ribosome activity shows a dramatic improvement from our previous reporting of 20% activity at 6 h ([@B19]). Additionally, samples of pelleted iSAT and *E. coli* 70S ribosomes were submitted for proteomic analysis (Supplementary Methods and Supplementary Figure S7). From this analysis, we observed that all r-proteins were identified in the purified iSAT ribosomes, suggesting that they are all capable of assembling with *in vitro* transcribed rRNA. It is unclear if the lower-represented proteins, such as S1, L33, L36, are indicative of incomplete ribosome assembly or merely an artifact of the steps involved in purifying iSAT assembled ribosomes resulting in loss of some r-proteins. Overall, these data show high similarity between iSAT and *E. coli* ribosomes, both in activity and r-protein content, though further work is required to identify the remaining points of difference, which could include incomplete post-transcriptional modification of synthetic rRNA. Further, our results demonstrate that sedimentation analysis is a valuable tool to characterize iSAT reactions and that a multiple assay approach is a useful platform for making novel observations about ribosome synthesis and assembly.

DISCUSSION {#SEC4}
==========

We discovered that the inclusion of crowding and reducing agents in iSAT reactions dramatically increases protein synthesis activity. We then used several different assays to tease apart the functions of crowding and reducing agents on the individual co-activated processes of ribosome biogenesis, transcription, and translation in iSAT reactions. Crowding agents, which increase the effective molecular concentration in the otherwise dilute iSAT reaction, were found to increase mRNA transcription and reporter protein translation in both iSAT and 70S TX-TL reactions (Figure [4](#F4){ref-type="fig"}), but did not affect sedimentation profiles of translating iSAT ribosomes (Figure [5](#F5){ref-type="fig"}). Reducing agents, which mimic the cytoplasmic environment, were also found to increase mRNA transcription levels in both iSAT and 70S TX-TL reactions (Figure [4](#F4){ref-type="fig"}). However, reducing agents did not increase translation of 70S TX-TL reactions, suggesting that mRNA is synthesized in excess in these reactions. Additionally, reducing agents were found to increase the number of translating iSAT monosomes and polysomes (Figure [5](#F5){ref-type="fig"}), likely leading to the observed increase in translation activity for iSAT reactions that is not observed in 70S TX-TL reactions. Therefore, for the iSAT system, we attribute the primary effect of crowding agents on iSAT yields to improved protein translation, and the primary effect of reducing agents on iSAT yields to improved ribosome biogenesis, noting that the effects of crowding and reducing agents on other processes of the iSAT system may overlap. Given previous results in S30 extract-based CFPS showing high activity in oxidizing conditions, the impact of reducing agents was especially noteworthy, suggesting a potentially important role of reducing agents in ribosome synthesis and assembly that would not have been possible to reveal without the iSAT system.

We also observed that the effects of the individual crowding and reducing agents on iSAT protein synthesis activity are not fully additive when used in various combinations. For example, 6% Ficoll 400 yields a 2.2-fold improvement in relative mRFP1 production and 2 mM DTBA yields a 2.5-fold improvement in relative mRFP1 production, but combined they yield only a 4.3-fold improvement, noting that this observation is more pronounced for other combinations (Figure [2](#F2){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}). The non-additive effects are likely a consequence of the fact that crowding and reducing agents both enhance transcription (Figure [4](#F4){ref-type="fig"}; 6% Ficoll 400 and 2mM DTBA). Transcription is required for both ribosome synthesis and assembly (rRNA transcription) and protein synthesis (mRNA transcription) and this overlap may lead to interdependencies.

The technological improvements arising from the addition of crowding and reducing agents are an important step toward complete cell-free synthesis of ribosomes and the ability to construct and evolve ribosome variants. One important benchmark for synthetic ribosome activity is the ability to synthesize enough peptide bonds for translation of a complete set of ribosomal proteins (7434 peptide bonds) ([@B18]). With the addition of reducing and crowding agents to iSAT reactions, we observe synthesis of ∼1.0 to 2.4 mM peptide bonds based on ^14^C-leucine incorporation for translation of various reporter proteins (Supplementary Figure S1). Since our sedimentation analysis indicates that iSAT reactions contain approximately 110 nM ribosomes in 70S and polysome forms (Supplementary Figure S5, Table [2](#tbl2){ref-type="table"}), our results suggest that iSAT ribosomes are capable of translating \>8000 peptide bonds per ribosome. While our data do not allow us to calculate the exact number of peptide bonds synthesized per ribosome, as we cannot yet distinguish the possibilities of an active subpopulation of ribosomes versus a homogenous pool of partially active ribosomes, the use of crowding and reducing agents has brought iSAT protein synthesis activity past the break-even milestone for ribosomal protein synthesis. Even so, there are opportunities to understand a finer resolution of details about the iSAT system, such as (i) the differences in iSAT-assembled ribosomes and purified *E. coli* ribosomes that may impact activity and (ii) whether or not iSAT rRNA is post-transcriptionally modified. Both are key areas for future work.

The research reported here highlights the great potential of the iSAT system to better elucidate the systems biology of ribosome biogenesis and protein synthesis. For example, similar studies to those performed here could be carried out to understand the effects of temperature, pH, ribosomal mutations that are not viable *in vivo* or strain mutations that change the protein composition of S150 extract. This depth of understanding is not achievable in cellular studies or other crude lysate systems. With the iSAT system, we expect that ribosome biogenesis can be probed and dissected in novel and insightful ways that will provide new understanding of this complicated process. We also anticipate that advances reported here will contribute meaningfully toward efforts to build minimal cells and construct synthetic ribosomes with novel and useful properties.

SUPPLEMENTARY DATA {#SEC5}
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv329/-/DC1) are available at NAR Online.
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